Methylmercury (MeHg) exposure from occupational, environmental, and food sources is a significant threat to public health. MeHg poisonings in adults may result in severe psychological and neurological deficits, and in utero exposures can confer embryonic defects and developmental delays. Recent epidemiological and vertebrate studies suggest that MeHg exposure may also contribute to dopamine (DA) neuron vulnerability and the propensity to develop Parkinson's disease (PD). In this study, we describe a Caenorhabditis elegans model of MeHg toxicity that shows that low, chronic exposure confers embryonic defects, developmental delays, decreases in brood size and animal viability, and DA neuron degeneration. Toxicant exposure results in the robust induction of the glutathione-S-transferases (GSTs) gst-4 and gst-38 that are largely dependent on the PD-associated phase II antioxidant transcription factor SKN-1/Nrf2. We also demonstrate that the expression of SKN-1, a protein previously localized to a small subset of chemosensory neurons and intestinal cells in the nematode, is also expressed in the DA neurons, and a reduction in SKN-1 gene expression increases MeHg-induced animal vulnerability and DA neuron degeneration. These studies recapitulate fundamental hallmarks of MeHg-induced mammalian toxicity, identify a key molecular regulator of toxicant-associated wholeanimal and DA neuron vulnerability, and suggest that the nematode will be a useful in vivo tool to identify and characterize mediators of MeHg-induced developmental and DA neuron pathologies.
Methylmercury (MeHg) exposure from occupational, environmental, and food sources is a significant threat to public health. MeHg poisonings in adults may result in severe psychological and neurological deficits, and in utero exposures can confer embryonic defects and developmental delays. Recent epidemiological and vertebrate studies suggest that MeHg exposure may also contribute to dopamine (DA) neuron vulnerability and the propensity to develop Parkinson's disease (PD) . In this study, we describe a Caenorhabditis elegans model of MeHg toxicity that shows that low, chronic exposure confers embryonic defects, developmental delays, decreases in brood size and animal viability, and DA neuron degeneration. Toxicant exposure results in the robust induction of the glutathione-S-transferases (GSTs) gst-4 and gst-38 that are largely dependent on the PD-associated phase II antioxidant transcription factor SKN-1/Nrf2. We also demonstrate that the expression of SKN-1, a protein previously localized to a small subset of chemosensory neurons and intestinal cells in the nematode, is also expressed in the DA neurons, and a reduction in SKN-1 gene expression increases MeHg-induced animal vulnerability and DA neuron degeneration. These studies recapitulate fundamental hallmarks of MeHg-induced mammalian toxicity, identify a key molecular regulator of toxicant-associated wholeanimal and DA neuron vulnerability, and suggest that the nematode will be a useful in vivo tool to identify and characterize mediators of MeHg-induced developmental and DA neuron pathologies.
Key Words: methylmercury; Parkinson's disease; oxidative stress; C. elegans; nematode; genetics; Nrf2; SKN-1; dopamine neurodegeneration.
Methylmercury (MeHg) is a pervasive environmental toxicant that primarily targets the central nervous system (Aschner and Aschner, 1990; Friberg and Mottet, 1989) . Adults exposed to toxic levels of MeHg can display a range of symptoms that includes a loss of physical coordination, abnormal speech, and death. The developing fetus is particularly vulnerable to MeHg because of the toxicant's ease in crossing the placenta and several fold greater toxicant accumulation relative to the adult (Bakir et al., 1973; Clarkson and Magos, 2006; Myers and Davidson, 1998; Takeuchi, 1982) . Children exposed to toxic levels either pre-or postnatally display developmental defects that are associated with motor and sensory deficits and mental retardation (Clarkson and Magos, 2006) .
Although MeHg poisonings have been studied for decades, the molecular bases for the toxicities are largely ill defined. MeHg diffuses across most cellular membranes and intracellular compartments and disrupts a wide array of cellular functions including cell migration, neuronal axon guidance, microtubule integrity, and cell signaling (Bridges and Zalups, 2005; Kunimoto and Suzuki, 1997; Limke et al., 2004) . Dopamine (DA) neurons are particularly vulnerable to the toxicant as exposure to MeHg increases DA release and decreases DA reuptake and catabolism (Dreiem et al., 2009; Newland et al., 2008) . Intriguingly, anecdotal evidence suggests that MeHg may be an environmental toxicant that contributes to the development of Parkinson's disease (PD), a progressive neurodegenerative disorder that results in motor deficits, mitochondria dysfunction, and loss of DA neurons in the substantia nigra (Nass and Przedborski, 2008; Petersen et al., 2008) . The mitochondria are also likely an intracellular target of MeHg as the toxicant has been shown to disrupt respiration, oxidative phosphorylation, and calcium regulation, as well as causing an increase in reactive oxygen species (ROS) and oxidative stress (Limke et al., 2004; Yu et al., 2010) .
Vertebrate studies indicate that MeHg induces the phase II class of detoxification enzymes glutathione-S-transferases (GSTs) (Di Simplicio et al., 1993; Goering et al., 2000; Samali and Orrenius, 1998; Yu et al., 2010) . GSTs catalyze the conjugation of a broad range of electrophilic substrates to the thiol group of reduced glutathione molecules which typically inactivates the electrophile and prepares it for excretion (Wilce and Parker, 1994) . Nrf2, a leucine zipper class transcription factor, regulates a number of detoxifying enzymes including PD-associated proteins and GSTs (Kensler et al., 2007; Taylor et al., 2008; von Otter et al., 2010) . MeHg also induces Nrf2 expression, overexpression of the transcription factor inhibits MeHg-induced cell death, and Nrf2-deficient hepatocytes and primary cortical neurons are vulnerable to MeHg and PDassociated toxicants (Lee et al., 2003; Toyama et al., 2007) .
The nematode Caenorhabditis elegans is a powerful model system to explore the molecular basis of neurotoxicity and human disease (Nass and Hamza, 2007; Settivari et al., 2009) . The molecular pathways and mechanisms underlying basic biological processes such as cell development and migration are highly conserved between the nematode and humans. Both organisms have virtually an identical number of genes, and almost all the known signaling and neurotransmitter systems, including the dopaminergic (DAergic) system, identified in humans have counterparts in the worm . The similarities in the DAergic system between the worm and humans has allowed for the successful recapitulation of both the familial PD-associated genetic as well as toxicant-induced DA neuron pathology found in vertebrate models of PD (Nass and Przedborski, 2008; . Molecular pathways and components involved in cellular detoxification and cellular stress in eukaryotes are also conserved in C. elegans including GSTs, Heat Shock Proteins, cytochrome P450s, and the Nrf2 transcription factor orthologue SKN-1 (Oliveira et al., 2009; Park et al., 2009) .
In this study, we describe a novel C. elegans model for MeHg toxicity and DA neuron degeneration. We show that that chronic low exposure to MeHg confers developmental defects, decrease in brood size, concentration-dependent animal death, and DA neurodegeneration. Exposure to the toxicant increases cellular ROS levels, induces the expression of specific GSTs, and whole-animal vulnerability to the toxicant is mitigated by the expression of the phase II transcription factor SKN-1. Furthermore, we show for the first time that SKN-1 is expressed in C. elegans DA neurons, and genetic knockdown renders the neurons vulnerable to MeHg-induced cell death. These studies indicate that the cellular and molecular response to MeHg-induced toxicity is likely conserved between the nematode and vertebrates and suggests that C. elegans will be a powerful in vivo model to explore the molecular basis of MeHg-induced developmental and DA neuron pathologies.
MATERIAL AND METHODS
Caenorhabditis elegans strains and maintenance. The following strains were obtained from the C. elegans Genetics Center: wild-type (WT) Bristol N2; NL2099 rrf-3(pk1426); OD70 unc-119(ed3) III; ItIs44 [pie-1p-mCherry::PH(PLC1delta) þ unc119 (þ)]; RJ928, a genetic cross between BY250 (P dat-1 ::GFP) and NL2099 (Settivari et al., 2009) . The C. elegans strains were cultured on bacterial lawns containing either OP50 or NA22 bacteria on nematode growth medium (NGM) or 8P plates, respectively, at 20°C according to standard methods (Brenner, 1974; Hope, 1999) .
Whole-animal vulnerability assay. Synchronized L1 stage worms were obtained by hypochlorite treatment of gravid adults followed by incubation of the embryos in M9 buffer for 18 h and washed at least 33 in dH 2 O as described previously (Nass et al., 2002; Nass and Hamza, 2007) . L1 staged worms were incubated on 8P/NA22 plates at 20°C for 48 h until they reached L4 stage. They were then transferred to 8P/NA22 plates containing various concentrations of MeHg (0-125lM) (CH 3 HgCl, 442534-5G-A; Sigma-Aldrich, St Louis, MO) and grown for 48 h at 20°C. Worms were assayed for viability by touching the nose of the animal with a metal pick. Worms that moved were considered alive. Each of the experiments was performed at least in triplicate, and the results were reported as mean ± SE.
Brood-size assay. Single synchronized L4 stage N2 worms were each placed onto an 8P/NA22 plate containing various concentrations of MeHg (0-15lM). Each worm was transferred to a fresh plate after 24 h and then twice daily for 5 days. The total number of live worms on each plate was counted following a 48-to 72-h incubation.
Larvae development rate assay. L1 synchronized N2 nematodes were incubated on 8P/NA22 plates containing 0 or 10lM MeHg at 20°C. The plates were examined every 12 h, and the time was recorded when the worms reached the L4 and adult stages. Each of the experiments was repeated at least four times.
Embryonic development assay. Synchronized L1 stage OD70 worms were incubated on 8P/NA22 growth plates containing ± 10lM MeHg for 72 h. OD70 worms contain a fusion of the pleckstrin homology domain derived from mammalian PLC1d1 to the red fluorescent protein mCherry, which binds to a phosphoinositide lipid on the plasma membrane. Use of the pie-1 promoter drives expression specifically in germ cells, allowing them to be visualized under an inverted microscope (Zeiss Axioplan 2, Jena, Germany) (Axiovision Release 4.5, Jena, Germany) (Audhya et al., 2005) . Following the incubation period, at least 50 worms were immobilized on 2% agarose pads with 2% sodium azide, and the image of the embryos was captured within the young adult using an inverted fluorescent microscope. Each of the experiments was performed at least in triplicate.
RNA extraction and complementary DNA synthesis. Synchronized L4 stage worms were incubated on 8P/NA22 media plates containing 25lM MeHg and collected by washing with water, Trizol added to pellet, and frozen at À80°C until RNA purification. Total RNA was isolated from a synchronized C. elegans population using Trizol reagent as described previously with minor modifications (Novillo et al., 2005) . Briefly, the worm pellets were resuspended in Trizol (1 ml/100 ll compact worm pellet), the protein and other impurities were separated from nucleic acids using chloroform, and the RNA was precipitated with isopropyl alcohol. The RNA pellet was washed with 75% ethanol, air-dried and dissolved in RNase-free water, and stored at À80°C until used for further analysis. The RNA concentrations were measured using an ND-1000 spectrophotometer (Nanodrop Technology, Wilmington, DE) . One microgram of total RNA was reverse transcribed to complementary DNA (cDNA) using the iScript cDNA Synthesis Kit and following the manufacturer's instructions (Bio-Rad, Hercules, CA). The cDNA was further purified using Microcon YM30 filters (Millipore Corp., Bedford, MA) and measured using an ND-1000 spectrophotometer.
qPCR measurements. Gene-specific primers were designed using Primer3 software, and primers were designed to be exon spanning to avoid amplification of contaminating genomic DNA. Glyceraldehyde-3-dehydrogenase (GAPDH) was selected as the housekeeping gene as its expression does not change as a result of MeHg treatment. Primers used to determine changes in gene expression are found in Supplementary figure 1. Real-time PCR was performed using 2x SYBR Green PCR master mix and the ABI Prism 7500 sequence detection system (Applied Biosystems, Warrington, UK). Gene expression studies were performed in triplicate and the formation of a single PCR product was confirmed using dissociation curves. Negative controls with the primers consisted of all the components of PCR mix except cDNA. Relative fold change in gene expression for each gene was calculated using normalized C T values (the cycle number at which the fluorescence passes the threshold).
ROS analysis. Total ROS formation was evaluated in the whole worm using 2,7-dichlorodihydro-fluorescein-diacetate (H2-DCF-DA). ROS oxidize the dye to the fluorescent 2,7-dichlorofluorescein, and the level of fluorescence 614 VANDUYN ET AL. corresponds to cellular ROS levels. ROS levels were determined following previously established protocols with slight modifications (Kampkotter et al., 2007; Schulz et al., 2007) . Briefly, synchronized L4 worms were exposed to 25lM MeHg as described above for 8 h and washed 33 with M9 buffer. The animals were suspended in M9, and 50 ll of the suspension was incubated in 50 ll freshly prepared 100lM H2-DCF-DA (for a final concentration of 50lM) in four replicates in a 96-well plate. Control wells included worms from each treatment without H2-DCF-DA or wells containing H2-DCF-DA without worms. The basal fluorescent signal from each well was measured at excitation and emission wavelengths of 485 and 520 nm, respectively, using a Tecan spectrophotometer (Tecan Spectrafluor Plus, Durham, NC). Following the initial reading, plates were incubated on a shaker at room temperature for an hour and were then measured following earlier conditions. Fluorescence values from the control wells were subtracted from the corresponding signal value of each well after the final measurement and the change in fluorescence was determined by subtracting the initial value from the final value for each well. All assays were performed in triplicate.
Antibodies and Western analysis. Antibodies to amino acids 6-92 from the putative C. elegans GST-38 protein (WP:CE15958) were generated using Genomic Antibody Technology at Strategic Diagnostics, Inc. (SDI) (Newark, DE). Rabbit polyclonal antibodies were further purified at SDI. GAPDH (ab36840 Abcam, Cambridge, MA) was used as a loading control for Western analysis. To prepare protein for Western blot analysis, synchronized L4 stage worms exposed to MeHg were pelleted from media plates as described above: 150 ll of mito buffer (20mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], pH 7.5, 250mM sucrose, 1mM ethylene diamine tetraacetic acid, 1mM ethylene glycol tetraacetic acid, 10mM KCl, 1.5mM MgCl 2 , 1mM dithiothreitol, 0.1mM PMSF, 2 lg/ml leupeptin, 2 lg/ml pepstatin, 2 lg/ ml aprotinin) was added to 300-400 ll of pelleted worms and the tubes frozen at À20°C until protein purification. Worm samples stored at À20°C were thawed and homogenized on ice with 50-60 strokes with a 2-ml glass homogenizer. The lysate was spun at 400 g at 4°C for 4 min, the supernatant collected in a sterile tube, and protein concentration determined using the Bradford assay with bovine gamma globulin as the standard. The samples were diluted in NuPAGE LDS buffer (Invitrogen, Carlsbad, CA), heated at 95°C for 20 min, and total cell lysates (50 lg protein) were separated by SDSpolyacrylamide gel electrophoresis (PAGE) and transferred to PVDF membranes (Bio-Rad). Membranes were blocked with 5% nonfat dry milk dissolved in TBST (Tris-buffered saline, 0.1% Tween-20) for 2 h at RT, followed by incubation with the appropriate primary antibody dilution (anti-GST-38 at 1:20,000; anti-GAPDH at 1:5,000) at 4°C overnight. The membranes were washed three times at RT for 15 min and incubated with horseradish peroxidase-conjugated secondary anti-rabbit IgG (611-1302; Rockland, Gilbertsville, PA). The membrane was developed using enhanced chemiluminescence (ECL) (Amersham Biosciences, Pittsburgh, PA), image captured using Bio-Rad ChemiDoc XRS, and total-protein intensities were measured using QuantityOne software (Bio-Rad).
RNA interference. RNA-mediated interference (RNAi) using the sensitive strain NL2099 rrf-3(pk1426) were carried out on NGM plates containing 1mM isopropyl b-D-thiogalactoside and 100 lg/ml ampicillin and seeded with HT115 (DE3), an RNase III-deficient Escherichia coli strain carrying L4440 vector with the gene fragment (skn-1) (GeneService, Source BioScience, PLC, Nottingham, UK) or empty vector (Addgene, Cambridge, MA) (Timmons and Fire, 1998) . Synchronized L1 stage NL2099 worms were transferred onto RNAi plates and the feeding protocol was followed with slight modifications . As knockdown of skn-1 is embryonic lethal, assays were performed with first-generation synchronized L1 larvae incubated on RNAi plates at 20°C for 48 h. The L4 staged worms were then transferred onto RNAi plates containing various [MeHg]'s (1-25lM), and the number of live worms were counted 24 h later as described above. For DA neuron degeneration assays, animals were incubated on plates containing MeHg (0, 0.5, 1.0, and 2.0lM) at 20°C for 96 h, 50-60 animals at each concentration were immobilized on 2% agarose pads with 2% sodium azide, and were scored for DA neurodegeneration under fluorescent microscope (Leica MZ 16FA, Switzerland). Worms were scored positive for DA neuron degeneration when GFP in any part of the four cephalic dendrites (CEP; which run from nerve ring to tip of the nose) was absent (Nass et al., 2002) . For mRNA and protein analysis, worms that had been growing on RNAi bacteria for 48 h were transferred to RNAi plates containing 25lM MeHg for 4 h. Worms were collected, and mRNA or protein was isolated for use in quantitative Polymerase Chain Reaction (qPCR) or Western blotting as described above.
Immunohistochemistry. Primary C. elegans cultures were prepared as previously described with slight modifications (Bianchi and Driscoll, 2006; Settivari et al., 2009) . Briefly, RNAi-sensitive (RJ928) L1 stage worms expressing GFP in the DA neurons were grown on RNAi plates containing control (HT115) or skn-1 (RNAi) bacteria until the gravid adult stage. The gravid adults were then lysed with the synchronization solution, and the egg pellet was washed using egg buffer (118mM NaCl, 48mM KCl, 2mM CaCl 2 , 2mM MgCl 2 , 25mM HEPES) (Settivari et al., 2009) . The eggs were then separated from the debris using a 60% sucrose solution, digested using 4 mg/ml chitinase (Sigma), and the embryonic cells were dissociated using a syringe. The embryonic cells were then resuspended in L-15 medium (containing 10% fetal bovine serum and 1% pen/strep) and grown on polylysine-coated cover slips at 20°C. Following growth for 72 h, cells were fixed in 4% paraformaldehyde, permeabilized in 0.5% Triton X-100, and 1% normal donkey serum was used as blocking buffer. The cells were then incubated with either SKN-1 primary antibodies (1:1000) (sc-9244; Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight (14 h), followed by incubation with a Cy5-conjugated donkey anti-goat secondary antibodies (Millipore) (1:1000) at room temperature for 1 h. Images were captured using confocal microscopy (Zeiss LSM 510 microscope). To further confirm the specificity of SKN-1 immunoreactivity, the antibody and its complementary antigenic peptide (sc9244p; Santa Cruz Biotechnology) were mixed in a ratio of 1:5 and incubated at 4°C for 14 h. Following incubation, primary cultures were stained with the SKN-1 antibody-complementary peptide mixture for 4°C for 14 h and analyzed as described above.
RESULTS

MeHg Confers Concentration-Dependent Animal Death
Vertebrate studies indicate that chronic exposure to MeHg confers whole-animal and cellular death. In order to determine whether chronic exposure to low concentrations of MeHg affects C. elegans viability, we added synchronized WT N2 L4 larvae to agar media plates containing between 0 and 125lM MeHg and determined the number of live animals 48 h later. We find that MeHg causes a concentration-dependent loss of viability, with an LC 50 of approximately 95lM (Fig. 1) . MeHg exposure also appears to significantly reduce the number of viable eggs on the plate once the animals reach adulthood (data not shown). These results indicate that C. elegans are sensitive to low concentrations of MeHg in a concentration-dependent manner and suggest that the toxicant may affect embryo viability and development.
MeHg Exposure Decreases Brood Size
Mammalian studies indicate that MeHg exposures can cause a reduction in the number of offspring. Studies with rodents have shown a decrease in progeny relatively to nonexposed animals (Beyrouty et al., 2006; Hughes and Annau, 1976) . To determine whether exposure to MeHg can cause a decrease in the number of progeny, we incubated L4 animals, the INHIBITION OF DOPAMINE NEURON DEGENERATION BY SKN-1/NRF2 developmental stage immediately prior to self-fertilization, on media plates containing low concentrations of MeHg. Every 24 h, the adult animals were moved to a new plate until the adults ceased producing embryos, and the total number of progeny on each plate was counted. As can be seen in Figure 2A , exposure to low concentrations of MeHg dramatically reduced the brood size. Growth on media plates containing 2.5lM MeHg reduces the number of progeny by almost 20%, whereas growth on agar containing 10lM reduces the number of progeny by over 90%. These results indicate that exposure to MeHg decreases the number of viable progeny and, as in vertebrate studies, may affect maturation and cell division.
MeHg Confers Developmental Delays and Embryonic Defects
Mammalian and invertebrate studies indicate that exposure to MeHg can cause delays in animal development and confer embryonic defects (Carvalho et al., 2008; Curle et al., 1987; Weis, 2009) . In order to determine if MeHg can affect normal development, we examined the rate of development of animals grown on a low concentration of MeHg from L1 to the L4 stage. L1 animals exposed to 10lM MeHg took approximately 30% longer to reach adulthood at 20°C relative to non-MeHgexposed animals (56 vs. 78 h) (Fig. 2B) . These results indicate that MeHg confer delays in morphogenesis and gonadogenesis and suggest that the toxicant may have a deleterious effect on embryogenesis and cellular division. To determine whether chronic MeHg exposure may affect early embryonic development, we examined embryos during the early stages of cell division in the adult hermaphrodite in vivo. Exposure of L1 animals to 10lM of MeHg until they reached adulthood results in the generation of embryos with significant developmental defects relative to control (Figs. 2C-F) . Embryonic defects were seen in nearly all the animals evaluated; some embryos contain three nuclei within a single cell, suggesting defects in mitosis (Figs. 2D-F) . Taken together, these results indicate that exposure of C. elegans to MeHg has deleterious effects on animal growth and development.
MeHg Exposure Increases ROS Levels
Although the origin of the cellular stress induced by MeHg is not well defined, the toxicant is believed to generate an increase in cellular ROS (InSug et al., 1997; Limke et al., 2004) . To determine if MeHg may also increase ROS levels in C. elegans, we compared total ROS levels in control and MeHg-exposed animals. L4 animals were incubated on plates containing 25lM MeHg for 8 h, and ROS levels were determined using the ROS-dependent dye DCF as previously described (Settivari et al., 2009) . We find that a brief exposure to MeHg confers over a twofold increase in cellular ROS relative to non-MeHg-exposed animals (Fig. 3A) . These results suggest that oxidative stress may contribute to C. elegans cellular sensitivity to MeHg.
MeHg Induces GST Expression
An increase in cellular ROS levels and oxidative stress can induce GST expression in an attempt to maintain normal cellular and metabolic processes. In order to determine if C. elegans GSTs are induced following exposure to MeHg, we utilized qPCR and evaluated mRNA levels of a number of GSTs, some of which have been associated with toxicantinduced gene expression changes, following sublethal exposures to MeHg. L4 animals exposed to 25lM MeHg for 2 h display a significant increase in a number of GSTs expression including gst-4, gst-5, gst-12, gst-21, and gst-38 (Fig. 3B ). Animals exposed under these conditions and then incubated on non-MeHg media do not demonstrate reduced viability relative to nonexposed animals, indicating that these growth conditions are not lethal (data not shown). mRNA levels for gst-5 and gst-38 also increased dramatically, up to 10-fold (over 50-fold relative to nonexposed animals), when exposed for an additional 6 h (Fig. 3B) . Taken together, these results indicate that C. elegans GSTs are induced following MeHg exposure.
MeHg-Associated Induction of gst-4 and gst-38 Is Dependent on skn-1 Caenorhabditis elegans hyperbaric stress microarray studies indicate that gst-4 and gst-38 mRNA inductions are largely dependent on the transcription factor skn-1 (Park et al., 2009) . In order to determine whether MeHg-induced gst-4 and gst-38 expression is skn-1 dependent, mRNA was isolated from RNAi-sensitive nematodes incubated on media plates containing bacteria expressing skn-1 double-stranded RNA (dsRNA) following exposure to 25lM MeHg, and gst-4 and gst-38 expression levels were determined by RT-PCR. A brief 4-h incubation in the presence of MeHg results in an approximate 15-fold and 55-fold decrease in gst-4 and gst-38 mRNA levels relative to RNA levels from worms grown on control bacteria, respectively (Fig. 4A) . These results indicate that MeHgassociated induction of gst-4 and gst-38 mRNAs is largely dependent on the expression of skn-1 and suggests that the corresponding proteins levels may also be skn-1 dependent. To determine if GST-38 protein expression is also dependent on skn-1, we generated antibodies to GST-38 and determined protein levels following exposure to 25lM MeHg for 4 h. Consistent with the induction of gst-38 mRNA expression, exposure to the toxicant results in an approximate 12-fold increase in GST-38 protein levels ( Fig. 4B ; data not shown).
FIG. 2. Chronic exposure to MeHg confers reproductive and developmental defects in Caenorhabditis elegans. MeHg exposure results in decreases in
C. elegans brood size (A). L4 animals (! 15 worms/condition) were placed on 8P/NA22 plates and allowed to lay eggs, and every 24 h, the parent worm was transferred to a new plate until the animal terminated laying eggs (approximately 5 days). The total number of progeny from each plate was counted for each animal and combined to determine the animal's brood size. MeHg delays animal development (B). L1 nematodes (! 100 worms/condition) were placed on 8P/NA22 plates containing 10lM MeHg, and the time to reach adulthood was determined. Exposure to MeHg causes embryonic defects (D-F). L1 nematodes expressing the mCherry fluorophore behind the pie-1 promoter were grown to adulthood in the presence of water (C) or 10lM MeHg (D-F), and fluorescence (C, D, and F) or differential interference contrast (E) image was evaluated. Relative to control (C), MeHg causes abnormal cell division (D), and some cells contain several nuclei (E and F). Scale bar ¼ 50 lm. Data were analyzed using one-way ANOVA followed by Dunnett's multiple comparison test. All individual treatments were statistically significant (*p < 0.01) compared with control group (0lM MeHg).
INHIBITION OF DOPAMINE NEURON DEGENERATION BY SKN-1/NRF2
Furthermore, MeHg-associated induction of the GST-38 protein appears to be highly dependent on skn-1 as genetic knockdown of the transcription factor does not result in an increase in GST-38 following exposure to MeHg (Fig. 4B) . Taken together, these results indicate that MeHg-associated induction of gst-4 and gst-38 is largely skn-1 dependent and suggests that skn-1 may inhibit cellular toxicity following exposure to the toxicant.
skn-1 Inhibits MeHg-Induced Animal Death
Nrf2/SKN-1 has been shown to play a significant role in inhibiting oxidative stress and cellular toxicity following MeHg exposure in vertebrates. Considering that at least two of the skn-1-dependent C. elegans GSTs are highly induced following exposure to MeHg, we asked whether a genetic knockdown of skn-1 may affect toxicant-induced animal vulnerability. To determine whether a reduction in skn-1 may increase sensitivity to MeHg, we grew animals on media plates on bacteria containing either an empty vector or a vector expressing skn-1 dsRNA to reduce skn-1 mRNA expression. A reduction in skn-1 mRNA levels was confirmed by qPCR and likely translates to lower skn-1 protein levels because growth on bacteria expressing the dsRNA also results in a skn-1 deletion phenotype of eggs containing dead embryos (Simmer et al., 2003) . Consistent with prior skn-1 studies, genetic knockdown of the transcription factor at this animal's age does not reduce animal viability under nonoxidative stress conditions (An and Blackwell, 2003) (Fig. 4C) . Conversely, skn-1 animals exposed to MeHg are up to 53 more sensitive to the toxicant relative to the controls (Fig. 4C) . These results indicate that skn-1 expression inhibits MeHg-induced toxicity in C. elegans and further suggests that the signaling cascades involved in MeHg-induced cytotoxicity are conserved between nematodes and humans.
SKN-1 Is Expressed in DA Neurons
The mammalian SKN-1 orthologue NRF2 is expressed in DA neurons, and a decrease in gene expression in vitro and in vivo renders the cells vulnerable to DA neurotoxins (Jakel et al., 2007; Siebert et al., 2009) . Detailed analysis of endogenous SKN-1 expression and localization has not been performed in the whole worm, but transgenic animals overexpressing the three isoforms of SKN-1 fused to the green fluorescent protein (SKN-1::GFP) display protein expression in the intestines and the chemosensory ASI neurons (Bishop and Guarente, 2007; Tullet et al., 2008) . However, translational reporter fusions may not give a complete representation of endogenous protein expression levels and cellular localization (Boulin et al., 2006) . To determine whether the C. elegans DA neurons express Mean ROS levels between MeHg and control groups were analyzed using a paired t-test, and the difference was statistically significant (*p ¼ 0.02). MeHg exposure induces the expression of GST mRNAs (B). Caenorhabditis elegans were exposed to 25lM for 2 h (black bars) or 8 h (gray bars), mRNA extracted, and reverse-transcribed to cDNA. Relative gene expression changes of the GSTs were quantitated using real-time PCR. The fold change in gene expression relative to GAPDH was calculated for each gene following the DDC T method. Shown are mean values for ± SE of at least three individual replicates. The level of significance between the groups was calculated using paired t-test. MeHg induced (p < 0.03) gst-4, gst-12, and gst-21 gene expression at 2-and at 8-h time point, gene expression of gst-4, gst-5, gst-12, gst-21, and gst-38 were increased (indicated by ''*,'' p < 0.05). To determine gene expression changes between 2-and 8-h time point, log fold-change values were analyzed using one-way ANOVA followed by unpaired t-test. Transcript levels of gst-5, gst-12, and gst-38 were increased (indicated by #, p 0.05) in worms exposed to MeHg for 8 h compared with worms exposed for 2 h. Exposure to MeHg did not change GAPDH gene expression (p ¼ 0.76) in worms at either time point.
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at Indiana University School of Medicine Libraries on May 6, 2011 toxsci.oxfordjournals.org Downloaded from SKN-1, we generated C. elegans primary cultures from RJ928 animals that have robust expression of GFP in DA neurons both in vivo and in vitro (Carvelli et al., 2004; Nass et al., 2002) . We used affinity-purified anti-SKN-1 to evaluate cellular SKN-1 expression levels. SKN-1 immunoreactivity is observed in all DA neurons (Figs. 5A-D) . No specific staining was observed in primary DA neurons or other cells from animals in which skn-1 mRNA levels were reduced using RNAi (Figs. 5E-H; data not shown) . Furthermore, SKN-1-associated DA neuron immunoreactivity was not observed following coincubation of the cultures with the SKN-1 antibody and the complementary antigenic peptide, providing further evidence that the antibody is binding to the SKN-1 protein in the DA neurons (Supplementary fig. 2 ). Taken together, these results indicate that SKN-1 is expressed in DA neurons and that a reduction in the transcription factor mRNA levels by RNAi results in a significant loss of SKN-1-immunoreactive protein expression in the DAergic cells.
SKN-1 Inhibits MeHg-Induced DA Neurodegeneration
The activation of Nrf2-dependent stress response pathways have been shown to inhibit MeHg-and PD-associated toxicant pathologies (Jakel et al., 2007; Taylor et al., 2008) . Considering SKN-1 inhibits MeHg-induced animal death and is expressed in DA neurons, we asked whether the transcription factor may also mitigate toxicant-associated DA neuron vulnerability. Nematodes were grown on RNAi bacteria to reduce expression of skn-1; reduction in mRNA levels of skn-1 was confirmed by quantitative PCR (data not shown). Animals were then exposed to various concentrations of toxicant ranging from 0 to 2lM MeHg for 96 h, and DA neuron integrity was assessed in vivo as previously described (Settivari et al., 2009) . We found that low chronic exposures to MeHg caused a significant loss of DA neurons in animals (up to 30% of the animals exposed to 1lM MeHg) with a reduction of skn-1 mRNA within 96 h at all concentrations tested (Figs. 6A and 6B ). The DA neuron degeneration appear similar to our prior PD-associated toxicant studies in which we characterized the cellular pathology by loss of DA neuron GFP expression in the CEP dendrites (since our prior studies have correlated a loss of GFP in the dendrites with DA neuronal death), DA levels, and loss of DA neuron integrity by electron microscopy (Nass et al., 2002; Settivari et al., 2009) . Animals exposed at these concentrations for up to 120 h did not display a decrease in animal viability, and approximately a 10% decrease in viability following exposure for 144 h (consistent with the decrease in longevity of the skn-1 mutants [Oliveira et al., 2009]) , suggesting that there is not large-scale MeHg-associated cellular death following the 96 h exposure (Supplementary fig. 3 ). Taken together, these results indicate that the DA neurons are vulnerable to MeHg, and the expression of SKN-1 inhibits the toxicant-induced DA neuron degeneration.
FIG. 4. SKN-1 induces
MeHg-associated gst-4 and gst-38 expression and decreases whole-animal toxicity. MeHg induces skn-1-dependent mRNA expression (A). RNAi-sensitive nematodes (NL2099) were grown on bacteria on NGM plates containing either an empty vector (black bars) or a vector expressing dsRNA to skn-1 (gray bars) and were exposed to 25lM MeHg for 4 h, mRNA extracted, and reverse transcribed to cDNA. Relative gene expression changes of the gst-4 and gst-38 were quantitated utilizing RT-PCR. Shown are mean values for ± SE of three individual replicates. The fold change in gene expression relative to GAPDH was calculated for each gene following the DDC T method. Paired t-test was performed on log-transformed fold-change values to determine changes in gene expression between worms exposed to MeHg versus controls. Genetic knockdown of skn-1 decreased (p 0.01) gst-4 and gst-38 gene expression following MeHg exposure. MeHg-induced expression of GST-38 protein is dependent on skn-1 (B). Animals were exposed as in (A), and protein lysates were prepared and isolated as described in the ''Materials and Methods'' section; 50 lg of the cell lysate protein was resolved by SDS-PAGE, transferred to PVDF membranes, and probed with antibodies specific for GST-38. Western blots were performed in triplicate, and a representative image is shown. skn-1 mRNA knockdown increases wholeanimal vulnerability to MeHg (C). RNAi-sensitive L4 nematodes (NL2099) (! 50 worms/condition) were grown on bacteria on media plates containing either an empty vector (black bars) or a vector expressing dsRNA to skn-1 (gray bars) for 48 h and then exposed to various concentrations of MeHg for 24 h, and the number of live animals was determined as described in the ''Materials and Methods'' section. Data were analyzed using one-way ANOVA followed by Dunnett's multiple comparison test. MeHg significantly induced animal death at 25lM in the HT115-fed animals (p < 0.05) and at 10 and 25lM in the skn-1 RNAi-fed animals (p < 0.01). At 10 and 25lM MeHg, animal death was significantly increased in skn-1 RNAi worms compared with HT115 worms as determined by Tukey's test following one-way ANOVA (*p < 0.01). 
DISCUSSION
MeHg is a potent xenobiotic that is associated with human developmental abnormalities, neurological dysfunction, and embryonic defects (Budtz-Jorgensen et al., 2007; Grandjean et al., 1997; Murata et al., 2004; Rodier, 1995) . Vertebrate studies indicate that low chronic exposure to MeHg confers animal and cellular developmental delays and embryonic defects, impairs cellular proliferation and migration, and toxic exposures decrease the number of offspring and animal death (Glover et al., 2009; Limke et al., 2004) . Recent Drosophila studies involving relatively low MeHg exposures also show toxicant-induced inhibition of embryonic development and delays, suggesting conservation of the molecular targets across phyla (Rand et al., 2009) . Our studies recapitulate key hallmarks of MeHg-induced mammalian toxicity as low and chronic exposure of the toxicant cause embryonic defects, postembryonic developmental delays, a reduction in brood size, and concentration-dependent animal death (Figs. 1  and 2 ).
FIG. 5. SKN-1 is expressed in DA neurons. Primary Caenorhabditis elegans cultures expressing GFP in the DA neurons were generated with WT (A-D) or skn-1 knockdown animals (E-H), and fixation was performed as described under the ''Materials and Methods'' section. Primary cultures were incubated with SKN-1 primary antibody followed by incubation with Texas Red-conjugated donkey anti-goat secondary antibodies. DIC images of (A) and (E) of WT and skn-1 RNAi cultures, respectively. DA neurons from WT and skn-1 knockdown animals expressing GFP driven by the dat-1 promotor (B) and (F), respectively. SKN-1 expressed in DA neurons in WT animals (C) but not in skn-1 knockdown animals (G). (D) Overlay of (B-C) and (H) overlay of (F-G). Images were observed under a Zeiss confocal microscope (Zeiss LSM 510). Scale bar represents 45 lm. In vertebrate systems, glutathione (GSH) and the phase II detoxification enzymes play significant roles in inhibiting MeHg-induced cellular pathology. MeHg exposure has been shown to induce gene expression of the rate-limiting enzyme for GSH synthesis, c-glutamylcysteine synthetase, which results in an increase in cellular GSH levels and cytoprotection (Thompson et al., 2000) . The toxicant also induces the expression of GSTs that conjugate the compound to GSH, allowing for cellular excretion through phase III detoxification proteins. Caenorhabditis elegans contains over 40 putative GSTs, and previous studies demonstrate that there are significant gene expression changes for several of the GSTs following exposure to neurotoxicant and oxidative stress (Hasegawa et al., 2008; Liao and Freedman, 1998; Oliveira et al., 2009; Park et al., 2009) . Consistent with vertebrate studies, exposure of C. elegans to MeHg results in a significant and robust increase in mRNA levels of a number of GSTs, with the highest induction in gst-4, gst-5, gst-12, and gst-38 (Fig. 3B) . Among the GSTs examined, gst-38, a GST that is expressed in the intestines and nervous system, shows the largest change in gene expression relative to non-toxicant-exposed animals, with a 50-fold increase in mRNA levels, as well as a 12-fold increase in GST-38 protein levels (Fig. 3B) (Hasegawa et al., 2008) . GST-38 expression levels have previously been shown to increase fivefold or less following exposure to cadmium, acrylamide, arsenite, or hyperoxia, suggesting that gst-38 expression is likely a sensitive indicator of tissue-associated oxidative stress (Hasegawa et al., 2008; Liao and Freedman, 1998; Oliveira et al., 2009; Park et al., 2009) . Furthermore, although care must be taken in comparing mRNA expression changes across analysis platforms (microarray vs. RT-PCR), as well as growth conditions (i.e., different medias and bacteria), age and length of toxicant exposures, the greater than 10-fold induction of gst-38 relative to those found in previously reported toxicant exposure studies suggests that the C. elegans neurons and/or intestinal cells may be particularly sensitive to MeHg.
Numerous phase II detoxification enzymes, including the GSTs in mammals and C. elegans, are regulated by the transcription factor Nrf2/SKN-1 (Oliveira et al., 2009; Yu et al., 2010) . In vertebrates and nematodes, oxidative stress can trigger Nrf2/SKN-1 translocation from the cytoplasm to the nucleus that results in the induction of cytoprotective proteins (Sykiotis and Bohmann, 2010) . In vertebrates, Nrf2-deficient animals are also sensitive to MeHg and oxidative stress, and exposure to MeHg confers an increase in Nrf2 expression (Toyama et al., 2007) . The most highly induced GSTs in our C. elegans studies (gst-4, gst-5, gst-12, and gst-38) have at least three canonical SKN-1-binding sites within 1 kb 5# of the start ATG, and gene expression for each of these GSTs has previously been shown to be at least partially dependent on skn-1 (An and Blackwell, 2003; Park et al., 2009) . Consistent with MeHg-induced skn-1-dependent gene expression, knockdown of skn-1 results in decreases in GST mRNA and protein levels (Figs. 4A and 4B ). Furthermore, a decrease in skn-1 mRNA levels in the nematode results in a dramatic increase in MeHg sensitivity (Fig. 4C) . Taken together, these results indicate that SKN-1 and its downstream targets play an essential role in mediating MeHg-induced cellular toxicity.
Developing and adult DA neurons are particularly sensitive to MeHg, and recent studies suggest that the toxicant may be a contributing factor in the development of PD (Dreiem et al., 2009; Newland et al., 2008; Petersen et al., 2008) . Here we show that SKN-1 is expressed in C. elegans DA neurons, and genetic knockdown of skn-1 renders the DA neurons highly vulnerable to MeHg in vivo, as 1lM of the toxicant causes DA neuron degeneration in approximately 30% of the animals examined (Figs. 5 and 6 ). These results indicate that SKN-1 plays a vital role in limiting MeHg-induced DA neuron toxicity. It is interesting to speculate that in individuals who have reduced levels of Nrf2, MeHg exposure could be an environmental risk factor for the development of PD. Indeed, Nrf2 haplotypes have been correlated with the propensity to develop PD (von Otter et al., 2010) . Furthermore, DNA polymorphisms in Nrf2 that result in reduced cellular levels have been associated with a number of human diseases that could be affected by environmental toxicant exposures, consistent with Nrf2 expression levels potentially mediating DA neuron vulnerability and the propensity to develop PD (Sykiotis and Bohmann, 2010) .
SKN-1 likely contributes to limiting MeHg-induced DA neuron degeneration through the upregulation of phase II enzymes, although a reduction in SKN-1 may also adversely affect the regulation of DA synthesis that could contribute to DA neuron vulnerability. For example, Blackwell and colleagues have recently shown through microarray expression profiles that a reduction in skn-1 mRNA levels reduces GTP cyclohydrolase I (GTPCH) and 6-pyruvoyl tetrahydrobiopterin synthase (PTPS) gene expression (Oliveira et al., 2009) . Both proteins are involved in the synthesis of tetrahydrobiopterin (BH 4 ) that is required for the generation of tyrosine hydroxylase, the ratelimiting step in DA synthesis, and reduced GTPCH and PTPS expression could theoretically increase toxic metabolite levels that contribute to DA neuron pathogenesis (Blau et al., 2001) . Consistent with a reduction in GTPCH or PTPS gene expression and a concomitant increase in DA neuron pathogenesis, a reduction in gene expression of both proteins is observed prior to PD-associated behavioral changes and neurodegeneration in a Drosophila PD model (Scherzer et al., 2003) . Furthermore, autosomal dominant human mutations in GTPCH have been correlated with the development of parkinsonism in children and adults, and cerebrospinal fluid from PD patients have been shown to have reduced BH 4 levels relative to control subjects (Blau et al., 2001; Lovenberg et al., 1979; Nygaard et al., 1992) . Taken together, these studies suggest that the SKN-1-dependent MeHg-induced DA neuron vulnerability may also be because of dysregulation of enzymes involved in DA synthesis or metabolism.
The concentrations of MeHg that C. elegans were exposed in this study are environmentally relevant and similar to those INHIBITION OF DOPAMINE NEURON DEGENERATION BY SKN-1/NRF2 incorporated in vertebrate studies (Wang et al., 2009; Yu et al., 2010) . Considering low and chronic exposures of 10lM MeHg reduces whole-animal viability, brood size, and normal embryonic development within 2-3 days, our studies suggest that C. elegans is highly sensitive to the toxicant. This is in sharp contrast to a number of other toxicity studies in C. elegans (acute and chronic) that often require a 10-to a 100-fold or greater toxicant concentration exposure relative to vertebrates to facilitate toxicant transport through the worm's orifices or across the moderately impermeable cuticle; toxicant concentrations within the cytoplasm though are often similar to vertebrates (Nass and Hamza, 2007; Rand and Johnson, 1995) . It is likely that MeHg's lipophilic properties facilitate its ease in crossing the cuticle and cellular membranes and its intracellular bioaccumulation (Lakowicz and Anderson, 1980; Nakada and Imura, 1982; Parran et al., 2001) . A recent phenomenological study that describes effects of significantly higher concentrations of MeHg on C. elegans (100-1000lM) also reports a decrease in nematode viability and larvae growth (Helmcke et al., 2009) ; embryo or brood size defects were not apparent possibly because of the length of the exposure period or the severity of the insult that may reduce embryo viability. The rapid and robust induction of GST mRNA (within 2 h of MeHg exposure) in this study also further emphasizes the acute sensitivity of the nematode to the toxicant. The induction of these phase II enzymes likely increase animal survival until other Nrf2/SKN-1-regulated events (i.e., GSH generation, induction of multidrug resistance efflux proteins, etc.), or other stress-associated pathways can reverse the cellular redox imbalance to normal cellular homeostasis.
In summary, our findings describe a novel C. elegans model for MeHg toxicity that demonstrates that low and chronic exposure to MeHg confers embryonic defects, developmental delays, decreases in brood size, and concentration-dependent whole-animal death. We also show for the first time that the stress-associated transcription factor SKN-1 is expressed in DA neurons, specific SKN-1-dependent GSTs are induced following exposure to MeHg, and a reduction in SKN-1 gene expression increases MeHg-induced animal vulnerability and confers DA neuron degeneration. The development of this genetic model should facilitate the identification of genes and molecular pathways in vivo involved in MeHg-induced developmental defects and cellular dysfunction. 
